Background: Prostate-specific antigen (PSA) measurements in serum by immunoassay are widely used in the screening, diagnosis, and monitoring of patients with prostate cancer although the lack of common reference reagents has led in the past to wide differences in estimates. We report here the results of a WHO international collaborative study in which two preparations of PSA representative of the main immunoreactive components in serum, free PSA and PSA 90:10, and a preparation of recombinant DNA-derived PSA were assessed as potential standards for the calibration of diagnostic immunoassays for PSA. Methods: Coded vials of the candidate materials and serum preparations containing PSA in the clinically important range were provided to the 10 laboratories in the study, and participants were asked to perform PSA assays currently in use in their laboratories. Data from 89 immunoassays by 26 different method-laboratory combinations were contributed to the study and analyzed centrally at the National Institute for Biological Standards and Control. Results: Potency estimates of the preparations relative to the in-house calibrators were in good agreement with the target value of 1 g of total PSA/vial, the preparation of free PSA giving 1.10 g/vial (95% confidence interval, 0.99 -1.21 g/vial) and PSA 90:10, 1.11 g/vial (95% confidence interval, 1.04 -1.18 g/vial). No immunoreactivity was detected in ampoules containing the recombinant material. Use of a common standard of PSA 90:10 significantly reduced the between-laboratory geometric coefficients of variation for serum samples included in the study and gave a much narrower range of potency estimates. Conclusions: The preparation of free PSA was established by WHO as the First International Standard for PSA (free) with an assigned content of 1 g of total PSA per vial. In addition, the preparation of bound PSA was established as the First International Standard for PSA (90:10) with an assigned content of 1 g of total PSA per vial.
Subsequently, a mixture of 90% PSA-ACT and 10% free PSA (PSA 90:10), representing the average proportion of PSA-ACT and free PSA in sera of patients with cancer of the prostate (6 ) , was approved as a primary calibrator by the NCCLS, along with preparations of PSA-ACT and PSA (7 ) . Recently, recalibration studies with a panel of human serum samples in which PSA 90:10 was used as a standard led to marked decreases in interlaboratory variation (8 ) .
This report describes the results of an international collaborative study in which preparations of free PSA and PSA 90:10, along with recombinant DNA-derived PSA were evaluated as candidate WHO reference reagents. The aims of the study were (a) to compare the immunoreactivity of the preparations in immunoassay systems representative of those commonly used in clinical practice or research and assess their suitability as WHO international standards; (b) to assess the stability of the PSA in the lyophilized preparations by assay of the contents of vials that had undergone accelerated thermal degradation; and (c) to compare the PSA immunoreactivity of different serum samples in the immunoassay systems included in the study in terms of both local calibrators and the candidate preparations.
Materials and Methods psa preparations
The vialled/ampouled materials supplied to participants for the study are listed in Table 1 . The vials of free PSA and PSA 90:10 were donated to WHO by Prof. T. Stamey, Stanford University (Stanford, CA), and their preparation has been described previously (8 ) . Recombinant DNAderived human PSA (baculovirus-derived) was kindly donated to WHO by Jenner Technologies (Tiburon, CA). The preparation was received as a frozen solution con-taining PSA at 0.33 g/L in 50 mmol/L Tris-glycine, 150 mmol/L NaCl (pH 7.5), and 6 mol/L urea, and was stored at 4°C before ampouling. After dilution to 2 L in a solution containing 25 mmol/L Tris (pH 7.5), 8.5 g/L NaCl, 5 g/L human serum albumin, and 1 mL/L Triton X-100, the material was distributed into glass ampoules in 1-mL aliquots, lyophilized, and sealed according to procedures described by WHO for International Biological Standards (9 ) . The human serum samples, kindly donated by Dr. A. Milford-Ward, UK NEQAS, and which had been tested and found negative for hepatitis B antigen, antihepatitis C virus, and anti-HIV, were filled as 1-mL aliquots under the same procedures.
Each participant received duplicate sets of coded vials/ ampoules comprising free PSA (96/668), PSA 90:10 (96/ 670), recombinant PSA (97/590), and human serum samples containing low, medium, and high concentrations of PSA (97/570, 97/568, 97/566, respectively). In addition, participants received accelerated degradation samples of 96/668, 96/670, and 97/590 selected on the basis of assay capacity, sample availability, and a study design giving information across as wide a range of assay systems as feasible. Participants were also asked to include their in-house calibrators in the assays.
participants in the study
Ten laboratories in six countries took part in the study and are listed alphabetically, by country, below. Throughout the study, each participating laboratory is referred to by a code number, which was assigned randomly and which does not reflect the order of listing:
Dr. Sandra Klingberg, Division of Chemical Pathology, Royal Brisbane Hospital, Herston, Brisbane, Queensland, Australia; 
design of the study and assay methods contributed
Participants were asked to perform the PSA immunoassay(s) currently in use in their laboratories and to carry out at least two independent assays (i.e., using freshly reconstituted vials/ampoules) of each assay type, each assay to include a set of coded preparations selected with regard to assay system capacity and to provide maximum information for the study. (Participants were advised that the free PSA component retained some enzymatic activity and might react with protease inhibitors, and therefore, serum-based matrices were to be avoided for initial reconstitution of the vial contents.) Each set of preparations included coded duplicates of 96/668 and 96/670 to provide an independent assessment of assay accuracy and precision. All preparations and any local calibrators were to be included at several doses to provide information on linearity and parallelism of the dose-response relationship. All data were reported to the National Institute for Biological Standards and Control (NIBSC) for analysis.
statistical analysis
As far as possible for this study, an "assay" was defined as an independent test for each preparation beginning with freshly opened ampoules. The methods of analysis used were dependent on the form of the data returned by the participating laboratories. The term "potency" has been used to describe the relative immunological activities of the preparations.
For those assays where raw data were supplied for both an in-house reference (IHR) preparation and for the ampouled preparations, the principles of parallel-line bioassay analysis were applied (10 ) . Response data were transformed to percentages relative to the estimated upper and lower limits of the dose-response lines for each assay. An in-house program, WRANL (11 ) , was used to provide weighted regression analysis of logit response on log dose with an analysis of variance giving tests for linearity and parallelism of the fitted lines. Estimates of relative potency were then calculated from the fitted models. For some assays, a log transformation or a square root transformation was found to be more satisfactory, in which case unweighted regression analysis was used.
For some assays, no IHR data were available, but raw data for the ampouled preparations were returned, together with the laboratories' own estimates of potency. In these cases, the potency estimates were calculated directly from the laboratory estimates (adjusting for dilution factor), and the principles of parallel line bioassay were applied to the raw data to obtain relative potencies and to perform statistical checks on linearity and parallelism.
Finally, for those assays where only laboratory estimates of potency were returned, the potency estimates were once again calculated directly from the laboratory's own estimates. Where estimates were given at different dilutions, tests for satisfactory linearity and parallelism were carried out as described above, using the actual estimates in place of raw assay responses.
Estimates of the relative activity (to ampoules of the same preparation stored continuously at Ϫ20°C) remaining in the ampoules of the PSA preparations after storage at increased temperatures were used to fit an Arrhenius equation relating degradation rate to absolute temperature, assuming first-order decay (12 ) , and hence were used to predict the degradation rate of the preparations when stored at Ϫ20°C.
All mean estimates quoted are unweighted geometric mean estimates. Geometric coefficients of variation (GCVs), which allow the concise expression of the size of the multiplicative variation (13 ) , were used to measure the variability present between laboratories and assays.
Results

assays contributed and preliminary analysis
A total of 89 immunoassays by 26 different methodlaboratory combinations were contributed to the study and are summarized in Table 2 . No PSA activity was reported in ampoules of the recombinant material 97/590 by any of the participants.
The transformed response lines were generally found to be linear and parallel to one another. A pooled "between-assay" GCV was used to demonstrate the variability between assays of the same type performed by the same laboratory. A "between-laboratory" GCV was also calculated, treating assays performed using different assay systems as being from separate "laboratories". For the between-laboratory GCV, only the total PSA results were used because the free-PSA and PSA-ACT results are not directly comparable with total PSA. A full listing of estimates of activity for all preparations (shown in Figs. 1-5) may be obtained from the authors upon request.
variability of immunoassay estimates
Within-assay variability was demonstrated by the potencies of the coded duplicates, relative to each other, of 96/668 and 96/670. The potencies also provided a measure of the minimum variability between laboratories using these assay systems because the preparations compared were known to be identical and hence comparisons were not affected by any differences in assay specificity. Overall, the estimates showed good agreement with their expected value of 1.0, giving mean values of 0.98 for the duplicates of 96/668 and 1.03 for 96/670.
comparison of the various local calibrators with free psa preparation 96/668
The geometric mean potency estimates calculated for each assay method in each laboratory are plotted in Fig. 1 . The unweighted geometric mean of estimates from assays for total PSA was 1.15 g/vial (95% confidence interval, 1.01-1.31 g/vial). The results obtained by laboratory 7, which used a nonequimolar assay, were noticeably higher than the remaining laboratories. An analysis of variance on the logs of estimates from individual assays was carried out and Duncan's multiple range test (significance set at 1%) was used to check for outliers (14 ) . Laboratory 7 was shown to be an outlier under this test. The geometric mean estimate excluding this laboratory was 1.10 g/vial (95% confidence interval, 0.99 -1.21 g/vial). The between-assay GCV (6.9%) was of similar magnitude to that observed for the coded duplicates (8.2%), whereas the between-laboratory GCV (29%) was large when compared with that for the coded duplicates (6.9%). Assays measuring free PSA gave a potency estimate of 0.90 g/vial (95% confidence interval, 0.84 -0.98 g/vial).
comparison of the various local calibrators with psa 90:10 preparation 96/670
The geometric mean laboratory/assay estimates of potency are plotted in Fig. 2 . The unweighted geometric mean of estimates from assays for estimation of total PSA was 1.17 g/vial (95% confidence interval, 1.06 -1.29 g/vial). Under Duncan's multiple range test, laboratories 4 and 7 were shown to be outliers. The geometric mean estimate excluding these laboratories was 1.11 g/ vial (95% confidence interval, 1.04 -1.18 g/vial). The between-assay and between-laboratory GCVs (7.5% and 14%) were of similar magnitude to those obtained for the coded duplicates (10% and 9.4%). Assays specific for free PSA gave a potency estimate of 0.11 g/vial (95% confidence interval, 0.10 -0.12 g/vial).
comparison of free psa preparation 96/668 with psa 90:10 preparation 96/670
Assays for total PSA gave an unweighted geometric mean estimate for the potency of 96/668 relative to 96/670 of 1.05 (95% confidence interval, 0.94 -1.18), excluding laboratories 4 and 7. The between-assay and between-laboratory GCVs (8.4% and 28%) were similar to those for the potency of 96/668 calculated using the in-house reference preparations (6.9% and 28%). Assays measuring free PSA gave a relative potency of 8.10 (95% confidence interval, 7.63-8.61).
stability of free psa preparation 96/668 and psa 90:10 preparation 96/670
Estimates of the activity of samples of 99/668 that had been stored for 485 days at 4 and 20°C relative to the samples stored continuously at Ϫ20°C showed no detectable loss of activity, and samples stored at 37°C showed only limited loss, although after storage at higher temperatures (45 and 56°C), there was a clear deterioration in activity. Using these data, we estimated a predicted degradation rate (12 ) of 0.042% per year for samples stored at Ϫ20°C. Similar data were obtained for 96/670 from assays for total PSA, giving a predicted degradation rate of 0.027% per year at Ϫ20°C. Limited data from assays for free PSA (laboratories 1 and 9) and PSA-ACT (laboratory 1) were in general agreement with these results.
comparison of the various local calibrators and psa 90:10 preparation 96/670 with human serum samples (97/570, 97/568, and 97/566)
The geometric mean potencies of the human serum samples are listed in Table 3 , and potencies from individual assays are plotted in Figs. 3, 4 , and 5. Separate values are given for the potencies calculated using the IHR preparations and 96/670. The between-laboratory GCVs for estimates from assay systems measuring total PSA (46%, 28%, and 23% for 97/570, 97/568, and 97/566, respectively) were appreciably smaller when the PSA 90:10 preparation 96/670 was used (27%, 12%, and 18%; Table 3 ).
A full listing of estimates of activity for all preparations may be obtained from the authors upon request.
Discussion
The materials included in this study as candidate reference preparations for PSA were the free, uncomplexed form of PSA purified from seminal plasma, a preparation containing 90% PSA-ACT complex plus 10% free PSA Each square denotes a single combined estimate for each assay method in each laboratory. For 96/670, a single estimate was obtained for each of the coded duplicate ampoules (i.e., two estimates for each laboratory and method in most cases). The number in each square denotes the laboratory code. Open squares indicate assays for total PSA, filled squares indicate assays for free PSA, and hatched squares indicate assays for PSA-ACT. (PSA 90:10), and a recombinant baculovirus-derived form.
No immunoreactivity was detected in ampoules containing the recombinant material. The available evidence indicates that this may have resulted from use of an inappropriate formulation of the filling solution in the ampouling process. Comparison of the ampouled preparations of free PSA and PSA 90:10 and local calibrators showed little evidence of any nonparallelism in the 26 method-laboratory combinations included in the study. However, there was a greater between-assay GCV for all estimates compared with that seen for the coded duplicates, which suggests that there were differences in the assay system specificities. The use of both monoclonal-monoclonal and monoclonal-polyclonal assay systems, which may differ in their recognition of the free and complexed forms (4 ), was probably the main contributing factor, and it was noted that the GCV was significantly reduced by the exclusion of data from those systems known to be (laboratory 7) or apparently (laboratory 4) "nonequimolar" in recognition of the two forms. Omission of other nonequimolar data made no appreciable difference to the estimates. Differences in calibration of the kits may also have contributed to the variability of the estimates (15 ) .
PSA 90:10 is representative of the ratio of the forms of PSA found in serum of patients with cancer of the prostate (6 ), although the ratio can vary. It was noted in the present study that although the serum samples were broadly in line with the predicted 90:10 ratio, there did appear to be differences between the sera. Use of a common standard of this preparation, 96/670, significantly reduced the between-laboratory GCVs for the serum samples in the study (Table 3 ) and gave a much narrower range of potency estimates (Figs. 3, 4, and 5 ). A similar result was obtained using a 90:10 preparation as calibrator for nine commercial immunoassays (5 ) .
There currently are no internationally recognized reference reagents for the PSA forms that exist in serum. The number in each square denotes the laboratory code. Open squares indicate assays for total PSA, filled squares indicate assays for free PSA, and hatched squares indicate assays for PSA-ACT. The number in each square denotes the laboratory code. Open squares indicate assays for total PSA, filled squares indicate assays for free PSA, and hatched squares indicate assays for PSA-ACT.
Concentrations in biological fluids, measured by immunoassay, are routinely expressed in gravimetric units, typically g/L total PSA, using as calibrators either free PSA purified from seminal plasma or more recently, PSA-ACT and PSA 90:10. The contents of the bulk preparations of free PSA and PSA-ACT used in 96/668 and 96/670 were accurately determined by amino acid analysis (5 ) and mass spectrometry (1 ), and based on these data, vials were filled with 1 g of total PSA. The results of this study were in good agreement with that value, 96/668 (free PSA) giving 1.10 g/vial (95% confidence interval, 0.99 -1.21 g/vial), and 96/670 (PSA 90:10) giving 1.11 g/vial (95% confidence interval, 1.04 -1.18 g/ vial). The preparations appeared to be sufficiently stable to serve as reference reagents with a predicted loss of immunoreactivity when stored continuously at Ϫ20°C of Ͻ0.05% per year. At its 50th meeting, therefore, the Expert Committee on Biological Standardization of WHO established the preparation in vials coded 96/668 as the First International Standard, 1999 for PSA (free) with an as-signed content of 1 g of total PSA per vial and established the preparation in vials coded 96/670 as the First International Standard, 1999 for PSA (90:10) with an assigned content of 1 g of total PSA per vial. The availability of both preparations will allow validation and calibration of those assays that may distinguish between the various forms of PSA in serum and, in the case of 96/668, to provide a primary standard for the increasing number of assays designed to measure free PSA only (16 ) . The number in each square denotes the laboratory code. Open squares indicate assays for total PSA, filled squares indicate assays for free PSA, and hatched squares indicate assays for PSA-ACT.
